Summary Diurnal variations in photosynthesis, chlorophyll fluorescence, xanthophyll cycle, antioxidant enzymes and antioxidant metabolism in leaves in response to low sink demand caused by fruit removal (-fruit) were studied in 'Zaojiubao' peach (Prunus persica (L.) Batch) trees during the final stage of rapid fruit growth. Compared with the retained fruit treatment (+fruit), the -fruit treatment resulted in a significantly lower photosynthetic rate, stomatal conductance and transpiration rate, but generally higher internal CO 2 concentration, leaf-to-air vapor pressure difference and leaf temperature. The low photosynthetic rate in the -fruit trees paralleled reductions in maximal efficiency of photosystem II (PSII) photochemistry and carboxylation efficiency. The midday depression in photosynthetic rate in response to low sink demand resulting from fruit removal was mainly caused by non-stomatal limitation. Fruit removal resulted in lower quantum efficiency of PSII as a result of both a decrease in the efficiency of excitation capture by open PSII reaction centers and an increase in closure of PSII reaction centers. Both xanthophyll-dependent thermal dissipation and the antioxidant system were up-regulated providing protection from photo-oxidative damage to leaves during low sink demand. Compared with the leaves of +fruit trees, leaves of -fruit trees had a larger xanthophyll cycle pool size and a higher de-epoxidation state, as well as significantly higher activities of antioxidant enzymes, including superoxide dismutase, ascorbate peroxidase, monodehydroascorbate reductase, dehydroascorbate reductase, glutathione reductase and a higher reduction state of ascorbate and glutathione. However, the -fruit treatment resulted in higher hydrogen peroxide and malondialdehyde concentrations compared with the +fruit treatment, indicating photo-oxidative damage.
Introduction
Fruits are the most important assimilate sink in fruit trees, with fruit dry matter usually exceeding 50% of the total dry matter production of a tree at harvest (Pavel and Dejong 1993) . Fruit removal may therefore be one of the best experimental techniques for manipulating and studying source-sink relationships in higher plants.
Decreases in leaf photosynthesis after fruit removal have been observed in many species of fruit trees, including apple (Gucci et al. 1995) , citrus (Iglesias et al. 2002) and peach (Li et al. 2005) . To explain the decline in photosynthetic rate (P n ) in response to low sink demand resulting from fruit removal, investigators have generally marshaled data obtained from gas exchange parameters and measurements of integrated carbohydrate analyses to support (Herold 1980 , Foyer 1988 , Paul and Foyer 2001 , Quereix et al. 2001 , Iglesias et al. 2002 or refute the end-product inhibition of photosynthesis hypothesis (Rom and Ferree 1986 , Marcelis 1991 , Nautiyal et al. 1999 . Other studies have shown that decreased P n in response to low sink demand caused by girdling was unaccompanied by an increase in leaf carbohydrate concentration during the first month following the onset of flowering in mango trees (Urban and Alphonsout 2007) , and that accumulation of the end products did not reduce activities of the related metabolic enzymes despite considerable decreases in P n in response to fruit removal in peach trees (Li et al. 2007 ). Decreased P n resulting from low sink strength must therefore be regulated by mechanisms other than direct feedback inhibition of the activities of related metabolic enzymes.
A positive linear relationship has been observed between stomatal conductance (g s ) and P n in previous studies in which source-sink relationships were modified (Tan and Buttery 1986 , Chaumont et al. 1994 , Schubert et al. 1996 , Li et al. 2001 , 2005 . Moreover, we previously showed that in peach trees, the depression in P n in response to low sink demand was related to both decreased g s and increased leaf temperature (T l ) (Li et al. 2001 (Li et al. , 2005 . Because the decrease in g s reduces transpiration (E), we speculate that low E results in an increase in T l above the optimum, causing irreversible damage to chloroplasts, possibly resulting in leaves using a smaller fraction of the absorbed light in electron transport. When light absorption exceeds light utilization in photosynthetic electron transport, excess absorbed light can result in the production of singlet oxygen and increased reactive oxygen species such as superoxide (O 2 ⋅ ) and hydrogen peroxide (H 2 O 2 ). Plants have evolved many defense mechanisms to minimize photo-oxidative damage (Niyogi 1999 (Csintalan et al. 1999) . Some studies have shown that non-photochemical quenching (NPQ) of chlorophyll fluorescence, which can be used as an index of thermal energy dissipation, is highly correlated with the de-epoxidation state of the xanthophyll cycle [(A+Z)/(V+A+Z)] (Demmig-Adams and Adams 1996, Chen and Cheng 2003) . In fruit trees, NPQ is significantly higher in trees with a low fruit load than in trees with a high fruit load (Wünsche et al. 2000 , Urban et al. 2004 ), but little is known about the effects of fruit removal on NPQ and related xanthophyll cycle parameters. The objective of our study was to investigate the mechanisms underlying the photosynthetic response to reduced sink demand in peach trees, by focusing on photochemical efficiency, photoinhibition and photoprotection.
Materials and methods

Experimental sites and materials
Experiments were carried out during June 2005 in an orchard in Beijing (39°59′19″ N, 116°12′33″ E, 65 m elevation). We studied 4-year-old peach 'Zaojiubao' (mutant of 'Okubo') (Prunus persica (L.) Batch) trees, a mid-ripening peach with fruit maturity in the middle of July. The trees had been planted 2 m apart within rows and 5 m apart between rows, trained to "Y" training systems, and pruned by the long pruning method in winter (Li et al. 1994) .
Sink-source manipulation
During the final stage of rapid fruit growth (June 14, 2005) , 1-year-old shoots located on the southwest and southeast sides of each tree in the outer part of the crown were used as the unit of sink-source manipulation. We selected 116 one-year-old shoots based on uniformity in length (40-50 cm) and growth status (at least one new shoot per 1-year-old shoot), and with similar light exposure. Each selected 1-year-old shoot supported one fruit. Eight mature leaves were retained on each new shoot by topping and removing the smaller basal leaves. Fruit was left on half of the 1-year-old shoots (+fruit treatment), whereas the fruit on the remaining 1-year-old shoots was removed (-fruit treatment). The export of assimilates from the treated and untreated parts, including the base and top of the 1-year-old shoots, was strictly controlled by girdling of the 1-year-old shoots. Twenty 1-year-old shoots per treatment were selected for measurements of gas exchange and chlorophyll fluorescence, and leaves were sampled from 96 oneyear-old shoots per treatment for the biochemical analyses.
Measurement of photosynthesis and relative leaf physiological response
Photosynthetic gas exchange was measured with a LI-6400 portable photosynthesis system (Li-Cor Inc., Lincoln, NE) between 0700 and 1800 h on a clear day (June 22, 2005) , 9 days after initiating the source-sink manipulation. Measurements were made on five leaves from each of five 1-year-old shoots per treatment. Photosynthetically active radiation (PAR), g s , E, intercellular CO 2 concentration (C i ), leaf-to-air vapor pressure deficit (D) and T l were obtained when P n was measured. For carboxylation efficiency (CE) measurements, saturating incident photosynthetic photon flux was kept at 1000 µmol m -2 s -1 , and the CO 2 concentration was controlled with the Li-Cor CO 2 injection system set at 250 200, 150, 100, 50 and 25 µmol mol -1 in turn.
Measurements of chlorophyll fluorescence
Chlorophyll fluorescence parameters were measured on five leaves from each of five 1-year-old shoots per treatment on the same day as the photosynthetic measurements with a portable PAM-2100 fluorometer (Walz, Effeltrich, Germany) following the procedures of Schreiber et al. (1986) . Maximal fluorescence in the dark-adapted state (F m ) and the light-adapted state (F m ′) was measured following a 0.8 s saturating pulse at 5000 µmol m -2 s -1 . The value of F m was measured after 30 min of dark adaptation, which was long enough for primary quinone electron acceptor of PSII (Q A ) to be fully oxidized. We measured F m ′ during the day with natural sunlight. The steady-state fluorescence during exposure to natural illumination (F s ) was also measured. All measurements of initial chlorophyll fluorescence of PSII in darkness (F o ) and initial chlorophyll fluorescence of PSII during illumination (F o ′) were performed with the measuring beam set to a frequency of 600 Hz, whereas all measurements of F m and F m ′ were performed with the measuring beam automatically switching to 20 kHz during the saturating flash. By using fluorescence parameters in both dark-adapted and light-adapted leaves, the following calculations were made: (1) the maximal efficiency of PSII photochemistry, F v /F m (Kitajima and Butler 1975) ; (2) the photochemical quenching coefficient, qP = ( (van Kooten and Snel 1990) 
Biochemical analysis
All leaves on two 1-year-old shoots were harvested for each replicate in both the -fruit and +fruit treatments at each sample time with four replicates taken at 2-h intervals between 0700 and 1800 h on the same day as the photosynthesis measurements. Leaves were frozen in liquid nitrogen and stored at -70°C until analyzed for pigments, H 2 O 2 and lipid peroxidation, and enzymatic and non-enzymatic antioxidants.
Pigment analyses
Frozen leaf samples were extracted in ice-cold 100% acetone, and the pigment extracts were filtered through a 0.45-µm membrane filter. Pigments were analyzed by high performance liquid chromatography (HPLC, Dionex P680, Dionex Corporation, CA) according to Thayer and Björkman (1990) . A C18 Kromasil 100 column (250 mm × 4 mm I. D., 4 µm particle size) from Tracer Analitica (Barcelona, Spain) was used in the separation. The pigments were eluted at a flow rate of 1 ml min -1 with 100% solvent A (acetonitrile:methanol = 25:75, v/v), for the first 9 min following by a 3 min linear gradient to solvent B (methanol: thyl acetate = 70:30, v/v), which was continued isocratically for 26 min. The column was reequilibrated in solvent A for 4 min before the next injection. The eluted pigments were monitored at 445 nm with a diode array detector, and the column temperature was maintained at 35 °C.
Hydrogen peroxide and lipid peroxidation measurement
We measured H 2 O 2 according to Alexieva et al. (2001) . Frozen leaf tissues (0.5 g) were homogenized with 5 ml of 0.1% (w/v) TCA in an ice bath. The homogenate was centrifuged at 12,000 g for 15 min, and 0.5 ml of supernatant was mixed with 0.5 ml of 10 mM potassium phosphate buffer (pH 7.0) and 1 ml of 1 M potassium iodide. The reaction was developed for 1 h in darkness and absorbance measured at 390 nm. Hydrogen peroxide concentration was determined based on an H 2 O 2 standard curve.
Lipid peroxidation was determined from the malondialdehyde (MDA) concentration by the thiobarbituric acid reaction method as described by Heath and Packer (1968) . Absorbancy was measured at 532 nm and corrected for nonspecific turbidity by subtracting the absorbancies at 600 nm and 450 nm. The concentration of MDA in extracts was calculated from the difference in absorbance at 532, 600 and 450 nm, where [MDA] (µmol ml -1 ) = 6.45 (A 532 -A 600 ) -0.56A 450 .
Ascorbate and glutathione determination
Frozen sample leaves (0.5 g) were homogenized with 2.5 ml of 5% (w/v) metaphosphoric acid and centrifuged at 20,000 g for 15 min. The supernatant was stored at -70°C and assayed for AsA and GSH.
We measured AsA according to Cakmak and Marschner (1992) . The reaction mixture contained 0.2 ml of supernatant, 0.2 ml of H 2 O, 0.5 ml of 150 mM phosphate buffer (pH 7.4) containing 5mM EDTA, 0.4 ml of 10% (w/v) TCA, 0.4 ml of 44% (v/v) orthophosphoric acid, 0.4 ml of 4% (w/v) 2, 2′-dipyridyl in 70% ethanol and 0.2 ml of 3% (w/v) FeCl 3 . After incubation at 37°C for 60 min, the absorbance at 525 nm was determined. A standard curve was produced with AsA.
Glutathione was assayed by the method of Ellman et al. (1959) . The reaction mixture contained 0.2 ml of supernatant, 2.6 ml of 150 mM phosphate buffer (pH 7.7) and 0.2 ml of 0.3 mM 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB). After the mixture was incubated at 30°C for 5 min, absorbance was measured at 412 nm.
Enzyme extraction and assay
Frozen leaf tissues (0.5 g) were homogenized in 5 ml of 50 mM Tris-HCl (pH 7.0) containing 20% (w/v) glycerol, 1 mM AsA, 1 mM GSH and 5 mM MgCl 2 . After centrifugation at 12,000 g for 5 min and then at 26,900 g for 15 min, the supernatant was prepared for determination of the activities of APX, GR, MDA and DHAR. By the same procedure, the enzyme extracts in 0.1 mM potassium phosphate buffer (pH 7.0) containing 1% (w/v) polyvinylpyrrolidone (PVPP) were used for the determination of CAT activity. To measure SOD activity, the enzyme was extracted in 5 ml of 50 mM potassium phosphate buffer (pH 7.0) containing 0.1 mM EDTA and 1% (w/v) PVPP with centrifugation at 12,000 g for 20 min. Enzymatic assays were monitored spectrophotometrically (Model Specord 200, Analytik Jena AG, Jena, Germany).
Catalase activity was determined directly as the decomposition of H 2 O 2 at 240 nm ( Knöraer et al. 1996) . The reaction mixture contained 25 mM potassium phosphate buffer (pH 7.0), 10 mM H 2 O 2 and enzyme extract.
The assay of SOD activity was based on the method described by Beyer and Fridovich (1987) . One unit of enzymatic activity was defined as the amount of enzyme required to bring about a 50% inhibition of the rate of nitro blue tetrazolium (NBT) reduction measured at 560 nm. The reaction mixture included enzyme extract, 50 mM potassium phosphate buffer (pH 7.8), 13 mM L-methionine (Met), 75 µM NBT, 10 µM EDTA and 2.0 mM riboflavin.
We assayed APX activity according to Nakano and Asada (1981) by estimating the decrease in rate of ascorbate oxidation at 290 nm. The reaction mixture consisted of 50 mM potassium phosphate buffer (pH 7.0), 0.5 mM ascorbate, 0.1 mM H 2 O 2 , 0.5 mM EDTA and enzyme extract.
Activity of MDHAR was assayed according to Hossain et al. (1984) in a reaction mixture containing 50 mM Tris-HCl buffer (pH 7.5), 0.2 mM NADH, 2.5 mM AsA, 0.15 unit ascorbic oxidase and enzyme extract. The decrease in absorbance at 340 nm was recorded.
Activity of DHAR was determined as the increase in absorbance at 265 nm caused by ascorbate formation (Nakano and Asada 1981) . The reaction mixture contained enzyme ex-tract, 50 mM phosphate buffer (pH 7.0), 5 mM GSH and 0.5 mM dehydroascorbate (DAsA).
Activity of GR was measured by the method of González et al. (1998) . The reaction mixture contained 100 mM potassium phosphate buffer (pH 7.5), 2.5 mM EDTA, 0.75 mM DTNB, 1 mM GSSG, enzyme extract and 0.1 mM NADPH. The decrease in absorbance at 412 nm was recorded. Activity of GR was determined by reference to the commercial GR (baker's yeast, Type III, Sigma) standard.
Total soluble protein was determined by the method of Bradford (1976) , with bovine serum albumin as the standard.
Statistical analysis
Data were subjected to analysis of variance based on a completely randomized experimental design. A t-test was used for significant difference tests. Slopes of linear regression equations were tested for significance by the t-test.
Results
Diurnal variations in net photosynthetic rate, relative photosynthetic parameters and carboxylation efficiency
Decreased sink strength demand (-fruit treatment) had significant effects on the diurnal variations in P n , g s , E, vapor pressure deficit based on T l (D), T l and C i (Figure 1 ). Values of P n , g s and E were maximal at 0800 h when PAR reached about 700 µmol m -2 s -1 , thereafter P n , E and g s decreased slowly as PAR increased, although their values remained high until 1500 h in +fruit shoots. The -fruit treatment significantly reduced P n , g s and E throughout most of the day compared with the +fruit treatment ( Figures 1A-C) . Values of P n , g s and E in leaves of -fruit trees were only 22.3, 25.9 and 22.3% of control +fruit values, respectively, at 0700 h or 0800 h. Values of P n , g s and E decreased to almost zero between 1000 h and 1400 h; during this period the treatment differences in P n , g s and E peaked as PAR reached a daily maximum (about 1300 µmol m -2 s -1 ). Trends in D ( Figure 1D ) were similar to those in T l ( Figure  1E ) in both treatments. Both D and T l varied with PAR and peaked at 1300 h when PAR was about 1300 µmol m -2 s -1 . Throughout most of the day, D and T l values in leaves of -fruit shoots were significantly higher than in leaves of +fruit shoots ( Figures 1D and 1E) .
The pattern of diurnal change in C i differed between the +fruit and -fruit treatments ( Figure 1F ). Maximal C i occurred just after sunrise then decreased gradually in leaves in both treatments. Values of C i decreased until noon, with the lowest value at 1100 h, and began to recover at 1600 h in the afternoon in +fruit shoots, whereas it increased sharply at 1000 h, and high C i was maintained between 1000 h to 1400 h in -fruit shoots. Moreover, significantly lower and higher C i values were obtained in -fruit shoots than in +fruit shoots from 0800 to 0900 h and from 1000 until 1700 h, respectively. The -fruit treatment significantly (P < 0.001) reduced CE by 32.1% compared with control +fruit values (CE of -fruit (mean ± SE) = . Each value is the mean ± SE of five replicates. Significant differences between treatments are indicated by asterisks: *, P < 0.05; **, P < 0.01; and ***, P < 0.001.
0.074 ± 0.003, and that of +fruit = 0.109 ± 0.002).
Diurnal variations in chlorophyll fluorescence
In leaves in both treatments, F v ′/F m ′, Φ PSII and qP values were maximal at 0700 h, decreased progressively to about midday and remained low in the afternoon (Figures 2A-C) . Following the diurnal pattern in PAR, NPQ increased after sunrise, peaking at around noon, and decreased thereafter ( Figure 2D ). The -fruit treatment significantly decreased F v ′/F m ′, Φ PSII and qP, but increased NPQ throughout the day compared with the control +fruit treatment values.
The diurnal variation in F o in -fruit shoots was similar to that in +fruit shoots ( Figure 3A) . However, the -fruit treatment increased F o compared with the +fruit treatment. The diurnal patterns in F m , F v /F m and 1/F o -1/F m were similar to the pattern in F v ′/F m ′ in both treatments (Figures 3B-D) . The -fruit treatment lowered F v /F m significantly from 1000 to 1500 h, and decreased F m and 1/F o -1/F m during most of the day compared with control +fruit values. Significant differences between treatments are indicated by asterisks: *, P < 0.05; **, P < 0.01; and ***, P < 0.001. a minimum around noon and recovered with decreasing PAR in the afternoon ( Figure 4A ). However, PAR had no effect on A + Z on a Chl basis in +fruit shoots, and the (A + Z)/Chl(a + b) ratio was almost constant during the day ( Figure 4B ). The (A + Z)/(V + A + Z) ratio showed a similar diurnal variation to PAR, so that its diurnal pattern was the inverse of that of (V + A + Z)/Chl(a + b) in the source leaves of +fruit shoots ( Figure 4C ). Low sink strength resulting from fruit removal significantly influenced xanthophylls-cycle-dependent thermal energy dissipation. The (V + A + Z)/Chl(a + b) ratio was little affected by PAR throughout the day, except for a slight increase at 1300 h ( Figure 4A ). The (A + Z)/Chl(a + b) and (A + Z)/(V + A + Z) ratios varied diurnally in source leaves of -fruit shoots ( Figures 4B and 4C ), peaking at around noon with increasing PAR, and then declining with decreasing PAR in the afternoon. Throughout the day, the (V + A + Z)/Chl(a + b), (A + Z)/Chl(a + b) and (A + Z)/(V + A + Z) ratios were all significantly higher in leaves of -fruit shoots than in leaves of +fruit shoots.
Diurnal variations in the xanthophyll cycle pool and in the conversion state of the xanthophyll cycle
Diurnal variations in hydrogen peroxide and lipid peroxidation
Foliar concentrations of H 2 O 2 and MDA followed similar diurnal patterns in both treatments ( Figures 5A and 5B ). In the morning, concentrations of both H 2 O 2 and MDA increased progressively up to about 1100 h and then decreased. Foliar H 2 O 2 and MDA concentrations were significantly increased by the -fruit treatment during the day.
Diurnal variation in antioxidants
Slight increases in foliar concentrations of AsA and GSH were observed in the +fruit shoots in the afternoon or morning only ( Figures 5C and 5D ). Foliar AsA and GSH concentrations were significantly higher in -fruit shoots than in +fruit shoots throughout almost the whole day.
Diurnal variations in activities of protective enzymes
The -fruit treatment had a similar effect on diurnal variations peach trees in the -fruit (᭺) and +fruit (᭹) treatments. Each value is the mean ± SE of four replicates. Significant differences between treatments are indicated by asterisks: *, P < 0.05; **, P < 0.01; and ***, P < 0.001. treatments. Each value is the mean ± SE of four replicates. Significant differences between treatments are indicated by asterisks: *, P < 0.05; **, P < 0.01; and ***, P < 0.001.
in all studied protective enzymes activities ( Figure 6 ). Activities of SOD and APX had a double peak during the day, occurring at 0900 and 1500 h for SOD ( Figure 6A ) and at 0900 and 1300 h for APX ( Figure 6C ). Activities of GR and DHAR increased slightly during the day ( Figures 6F and 6E ), whereas MDA activity decreased from morning to afternoon, except for a slight increase at 1700 h ( Figure 6D ). Activity of CAT decreased progressively in leaves of both -fruit and +fruit shoots during the day except for an increase at 0900 h ( Figure  6B ). Fruit removal significantly increased SOD activity during most of the day and increased CAT activity throughout the whole day compared with control values (Figures 6A and 6B ). For enzymes in the ascorbate-glutathione cycle, MDA and GR had significantly higher activities in -fruit shoots than in +fruit shoots ( Figures 6D and 6F) , whereas significantly higher activities were found in the -fruit shoots only at 1300 h for APX ( Figure 6C) , and only at 0700, 1100, 1300 and 1800 h for DHAR ( Figure 6E ).
Relationship between xanthophyll cycle and chlorophyll fluorescence variables
Changes in the conversion state of the xanthophyll cycle expressed as (A + Z)/(V + A + Z) were significantly negatively correlated with changes in F v /F m (r 2 = 0.56), but significantly positively correlated with changes in NPQ (r 2 = 0.57). As (A + Z)/(V + A + Z) increased, F v /F m decreased linearly, whereas NPQ increased linearly (Figure 7 ).
Photosynthetic rate in relation to stomatal conductance
Relationships between P n and g s in peach leaves are shown in Figure 8 . Photosynthetic rate increased curvilinearly with g s .
Discussion
Fruit removal decreased P n ( Figure 1A ) in agreement with previous studies on peach and other fruit shoots (Gucci et al. 1995 , Iglesias et al. 2002 , Li et al. 2005 . Reduced P n in higher plants can result from stomatal or non-stomatal limitations. When non-stomatal limitation of P n occurs, C i increases in parallel with decreased g s (Farquhar and Sharkey 1982) . Fruit removal significantly decreased g s throughout the day ( Figure  1B) , and there was a significant positive correlation between P n and g s (Figure 8 ). However, C i was significantly higher in -fruit shoots than in +fruit shoots from 1000 to 1400 h when the most severe reduction in P n was observed in leaves of -fruit shoots ( Figure 1A ), indicating that the decrease in P n in response to low sink demand was primarily a result of nonstomatal limitation.
The results of our chlorophyll fluorescence analysis indicate non-stomatal limitation in P n at low sink demand. treatments. Each value is the mean ± SE of four replicates. Significant differences between treatments are indicated by asterisks: *, P < 0.05; **, P < 0.01; and ***, P < 0.001.
+fruit treatment ( Figure 3A) , indicating damage to the PSII reaction-center complex at low sink demand (Kirilovsky et al. 1990 ). The parameters F m and F v /F m represent electron transport efficiency and photochemical efficiency in the PSII reaction center, respectively (Zhang 1999) . The decreases in F m and F v /F m in the -fruit trees ( Figures 3B and 3C ) are presumably associated with damage to a portion of the PSII reaction center. The term 1/F o -1/F m has been suggested as an indicator of PSII reaction center functionality and is linearly correlated with oxygen-release activity (Lee et al. 2001) . We found that the -fruit treatment decreased 1/F o -1/F m ( Figure 3D ), confirming that low sink demand results in either chronic or dynamic photoinhibition of the PSII centers (Osmond 1994) . Efficiency of PSII under steady-state irradiance (Φ PSII ) is the product of qP and the efficiency of excitation capture F v ′/F m ′ by open PSII reaction centers under non-photorespiratory conditions (Genty et al. 1989) . Trees in the -fruit treatment had much lower Φ PSII throughout the day than those in the +fruit treatment ( Figure 2B ) caused by decreases in both qP ( Figure 2C ) and F v ′/F m ′ (Figure 2A ). The decrease in PSII function in the -fruit shoots may be associated with photo-oxidative damage caused by the over-reduction of the photosynthetic electron transport chain. Leaves of -fruit shoots had a much lower photosynthetic capacity than those of +fruit shoots, indicating that they used a smaller fraction of the absorbed light in electron transport. As a result, there was greater thermal dissipation of excitation energy in leaves of -fruit shoots than in leaves of +fruit shoots the excess energy being measured as increased NPQ ( Figure 2D ). The NPQ of chlorophyll fluorescence is often taken as an indicator of a mechanisms for preventing over-excitation of reaction centers (Ivanov and Edwards 2000) .
Thermal dissipation of excitation energy is dependent on the pool size and conversion of the xanthophyll cycle (DemmigAdams and Adams 1996). We observed a linear relationship between the de-epoxidation state of the xanthophyll cycle and F v /F m , and NPQ (Figure 7) , suggesting that the thermal dissipation is closely related to the operation of the xanthophyll cycle throughout the day. In addition, both the xanthophyll cycle pool size on a Chl basis ( Figure 4A ) and the conversion of V to A + Z ( Figures 4B and 4C ) increased in -fruit leaves, indicating that both xanthophyll cycle pools and the conversion of V to A and Z were up-regulated to dissipate the excess absorbed photon flux density in response to low sink demand resulting from fruit removal.
A proportion of transported electrons is directly transferred to molecular oxygen producing active oxygen during longterm photoinhibition at the reducing side of photosystem I (Kochba et al. 1977) . The generation and accumulation of active oxygen result in membrane lipid peroxidation. In leaves of -fruit shoots, the concentrations of H 2 O 2 and MDA increased during the day ( Figures 5A and 5B) , providing further evidence of photo-oxidative damage in leaves of -fruit shoots as a result of low sink demand.
The enzyme SOD catalyzes O 2 to form H 2 O 2 , and CAT scavenges the bulk H 2 O 2 . Fruit removal greatly increased SOD ( Figure 6A ) and CAT activity ( Figure 6B ), indicating that CAT plays a significant role in scavenging H 2 O 2 under low sink demand. Moreover, the ascorbate-glutathione cycle is a powerful mechanism in the antioxidant defense system, which includes the various antioxidant enzymes and compounds (Asada 1999) . Both AsA and GSH also participate in redox regulation in different cell compartments to protect plants from oxidative stress (Conklin 2001) . The concentrations of AsA and GSH ( Figures 5C and 5D ) increased in leaves of -fruit shoots, which can be explained by an increase in the activities of APX, MDA, DHAR and GR ( Figures 6C-F) . Although MDA accumulation suggests that the photosynthetic apparatus and cell structure under low sink demand are unavoidably damaged by active oxygen, the up-regulation of down-stream antioxidant enzymes and antioxidant metabolites are in agreement with the increased requirement for scavenging reactive species in leaves of -fruit shoots as a result of increased closure of PSII reaction centers ( Figure 3D ).
In conclusion, the decrease in g s may be the first reaction in response to decreased sink demand, as suggested by Li et al. (2001) . Reduced E, following a reduction in g s , resulted in high T l in -fruit shoots compared with +fruit shoots. High T l in -fruit shoots led to increased D and the production of active oxygen species. Rubisco activity, represented by CE, might have been reduced first, followed by membrane lipid peroxidation and damage to PSII reaction centers. Consequently, irreversible photoinbition in P n occurred and a lower Φ PSII resulted from both a decrease in the efficiency of excitation capture by open PSII reaction centers and an increase in closure of PSII reaction centers at low sink demand. Because lower photosynthetic capacity resulted in a smaller fraction of the absorbed light being used in electron transport, both xanthophyll-dependent thermal dissipation and the antioxidant system were up-regulated, providing protection from photooxidative damage to low sink demand leaves. Both up-regulated xanthophyll-dependent thermal dissipation and the antioxidant system could dissipate part of the excess excitation energy received by leaves, but could not provide enough protection to prevent some damage to the PSII reaction center under low sink demand. Our conclusions are tentative, because they are based on data collected nine days after the source-sink manipulation.
